] were evaluated for the discrimination of Salmonella enterica isolates at the serotype level. On the basis of number, even distribution over the whole fingerprint, and clarity of bands in the fingerprints, the enterobacterial repetitive intergenic consensus (ERIC) primer set and the (GTG) 5 primer were chosen for use in the following experiments. For these two primer sets, reproducibility was tested on different lysates of five selected serotypes of Salmonella in the same PCR by using three different PCR runs. Reproducibility was poor between different PCR runs but high within the same PCR run. Furthermore, 80 different serotypes and five isolates which were not typeable by serotyping were fingerprinted. All strains were typeable by the ERIC primer set and the (GTG) 5 primer and generated unique fingerprints, except for some strains with incomplete antigenic codes. Finally, 55 genetically different strains belonging to 10 serotypes were fingerprinted to examine the genetic diversity of the rep-PCR within serotypes. This experiment showed that one serotype did not always correlate to only one ERIC or (GTG) 5 fingerprint but that the fingerprint heterogeneity within a serotype was limited. In epidemiological studies, ERIC-and/or (GTG) 5 -PCR can be used to limit the number of strains that have to be serotyped. The reproducibility of isolates in one PCR run, the discriminatory power, and the genetic diversity (stability) of the fingerprint were similar for the Eric primer set and the (GTG) 5 primer, so both are equally able to discriminate Salmonella serotypes.
Salmonella enterica is one of the major causes of human gastroenteritis worldwide. In Belgium, 12,894 human Salmonella isolates were received in 2003 by the National Reference Centre for Salmonella and Shigella (12) . The most common serotypes isolated were Salmonella serotype Enteritidis, Salmonella serotype Typhimurium, Salmonella serotype Virchow, Salmonella serotype Derby, and Salmonella serotype Brandenburg. The internationally used method for characterizing Salmonella is serotyping of the isolates according to the Kauffmann-White scheme (13) . Each Salmonella serotype is characterized by the combined expression of particular lipopolysaccharides, or O antigens, and flagellar proteins, or H antigens. Currently, more than 2,500 serotypes are recognized (14) . In most countries, serotyping is restricted to national reference laboratories, to which clinical and food microbiology laboratories send Salmonella isolates. Serotyping, especially of less abundant types, is expensive and time-consuming. In addition, according to the National Reference Centre for Salmonella and Shigella (12) and the Belgian Reference Laboratory for Salmonella (1) , respectively, 0.12% of the human isolates and 4% of the isolates of animal origin were not typeable in 2003 (by autoagglutination).
PCR-based molecular techniques are easy to perform and rapid. Repetitive-element PCR (rep-PCR) uses primers complementary to naturally occurring, highly conserved, repetitive DNA sequences. These noncoding sequences are present in multiple copies in the genomes of most gram-negative and several gram-positive bacteria (10) . Examples of these repetitive elements are the repetitive extragenic palindromic (REP) sequences, the enterobacterial repetitive intergenic consensus (ERIC) sequences, the BOX sequences, and the polytrinucleotide (GTG) 5 sequence (18) .
According to Van Lith and Aarts (17) , it is possible to use the primer set ERIC1R-ERIC2 to discriminate Salmonella serotypes. Burr et al. (3) and Milleman et al. (11) tested the same primer set and concluded that the fingerprints obtained were not correlated with serotypes. Two studies (8, 9) showed that elevated annealing temperatures combined with the use of a commercial PCR mix improve the reproducibility and the resolving power of rep-PCR with the ERIC2 and BOXA1R primers.
The studies performed yielded conflicting results and evaluated only the ERIC primer set, the ERIC2 primer, and/or the BOX primer on a limited number of serotypes and/or on a limited number of strains per serotype. The purpose of this study was to evaluate five different rep-PCR techniques for the discrimination of Salmonella isolates, including the (GTG) 5 primer (5, 18) . Selected rep-PCR techniques were further evaluated for their powers of discriminating between as many as 80 different serotypes as well as for genetic diversity within several serotypes.
MATERIALS AND METHODS
Salmonella isolates. The Salmonella isolates were isolated from the following sources: human feces, poultry, meat, eggs, pigeons, cattle, swine, deer, reptiles, water, farm environments, and farm equipment. Almost all isolates were isolated in Belgium from the year 1998 until 2003 (Table 1) . They were serotyped at the Belgian Salmonella reference laboratories according to the Kauffman-White scheme (13) . DNA isolation. The bacteria were grown overnight on tryptone soy agar plates (CM0131; Oxoid, Basingstoke, United Kingdom) at 37°C. The cells were harvested and resuspended in 300 l 0.05 M NaOH-0.125% (wt/vol) sodium dodecyl sulfate and heated at 90°C for 17 min. The lysates were stored at Ϫ20°C until use, which was approximately 3 weeks later. The lysates were used only once. Before use in the PCR, the lysates were centrifuged for 2 min at 10,000 rpm.
Only when elevated annealing temperatures were tested as described by Johnson and Clabots (8) were DNA extracts used instead of lysates. DNA was extracted using a commercial genomic DNA purification kit (AquaPure genomic DNA isolation kit 732-6340; Bio-Rad Laboratories, Hercules, Calif.) according to the manufacturer's instructions.
Selection of primers for rep-PCR. Salmonella strains belonging to 22 serotypes were typed with the primer sets ERIC1R-ERIC2 and REP1R-REP2I and primers ERIC2, BOXA1R, and (GTG) 5 . The best primer or primer set and the best FIG. 1. Cluster of the composite data set and ERIC and (GTG) 5 fingerprints of three different lysates made on three different days (t1, t2, and t3) and run in three different PCR runs in the same thermal cycler. The similarities between the fingerprints were calculated using the Pearson correlation (optimization, 1%; position tolerance, 1%), and the fingerprints were grouped according to their similarities by use of the UPGMA algorithm. The vertical grey line shows the delineation level of 92.5%. The last column shows the strain numbers. The grey bar at the top of the figure shows the part (79.3% to 84.3%) of the ERIC fingerprints that is not taken into account to calculate the cluster, as explained in the text.
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corresponding annealing temperatures were selected on the basis of the number, distribution, and clarity of bands in the obtained fingerprints.
Reproducibility of rep-PCR.
In the second experiment, three different lysates were made on three separate days, starting from different bacterial cultures of five selected serotypes (Fig. 1) . Reproducibility was evaluated on the different lysates by using three different PCR runs on the same thermal cycler.
rep-PCR on isolates belonging to different serotypes. Eighty serotypes and five isolates which were not typeable by serotyping were characterized to test the typeability and the discriminatory power of the selected primer sets.
rep-PCR on isolates belonging to the same serotypes. Strains belonging to the same serotype, but of different origins and genetically different, were fingerprinted to examine the genetic diversity (stability) of the rep-PCR within serotypes with the selected primer or primer set. The aim of this experiment was to investigate whether genetically different strains of the same serotype resulted in the same fingerprint. The genetic diversity of the strains had been tested by pulsed-field gel electrophoresis using XbaI as the restriction enzyme (2 PCR. PCR amplifications were performed in a Perkin-Elmer 9700. The sequences of the primers used and the amplification protocols were those described by Versalovic et al. (18) . The reaction mixtures for primers ERIC1R, ERIC2, REP1R, REP2I, and BOXA1R were as described by Rademaker and de Bruijn (15) , but Tween 20 (0.5%) and gelatin (0.01%) (6) were added when lysates were used. The reaction mixture for the (GTG) 5 primer contained the following: 10 mM Tris HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl 2 , 0.2 mM deoxynucleoside triphosphates, 60 pmol (GTG) 5 (Eurogentec, Seraing, Belgium), 0.5% (vol/vol) Tween 20, 0.01% (wt/vol) gelatin, 1 U Taq DNA polymerase (YellowStar Taq; Eurogentec, Seraing, Belgium), and 1 l crude cell lysate with a final volume of 25 l.
Elevated annealing temperatures were also tested in the first experiment. An annealing temperature of 70°C for ERIC2 and BOXA1R and an amplification protocol of 35 cycles without an initial touch-down were used (8), but with the reaction mixture of Rademaker and de Bruijn (15) instead of Ready to Go PCR beads (8) . Elevated annealing temperatures were also tested using modified amplification protocols of Versalovic et al. (18) . Modifications consisted of annealing temperatures of 57°C for ERIC2 and 65°C for BOXA1R.
The PCR products were size separated in a 1.5% agarose gel in 1ϫ Trisborate-EDTA at 120 V for 4 h. The gels were stained with ethidium bromide and digitally captured under UV light. The gel images were visually compared and analyzed with GelCompar, version 3.0 (Applied Maths, Kortrijk, Belgium) using a mixture of a 100-bp (Invitrogen, Paisley, United Kingdom) and a 500-bp (Bio-Rad Laboratories, Hercules, Calif.) ladder as the normalization reference (15) . The similarities between the fingerprints were calculated using the Pearson correlation (with an optimization of 1% and a position tolerance of 1%), and the fingerprints were grouped according to their similarities by use of the UPGMA (unweighted-pair group method using arithmetic averages) algorithm.
Statistical analysis of dendrograms. To assess the variability introduced by the preparation of lysates and the PCR run in the clustering of the fingerprints, several indices were derived from the similarity matrix obtained from experiment 2 (reproducibility of rep-PCR) by the method of Johnson and Clabots (8) . For all strains, a similarity index (SI) was calculated as the mean of all pairwise correlations between different replicates of a strain at a certain level of a factor (lysate or PCR run). A lower SI can be interpreted as more variability attributable to the factor. The differentiation index (DI) was defined as the maximum of all pairwise correlations between different strains, at a certain level of a factor in one strain and all possible combinations in the other; this was repeated for each strain. A higher DI can be interpreted as more variability attributable to the factor. Finally, the difference between the similarity index and the differentiation index (called "net discriminating power" by Johnson and Clabots [8] ) can be considered to be a measure for the discriminatory power of the strain. A higher value, calculated as 100 Ϫ (SI Ϫ DI), which can be defined as the net variability index, means more variability attributable to the factor on the clustering.
RESULTS
Selection of primers and annealing temperature. With the ERIC1R-ERIC2 primer set, profiles consisted of 13 to 22 bands, evenly distributed over the entire fingerprint. With the REP1R-REP2I primer set, 5 to 10 bands were obtained for each fingerprint, but most of the bands were weak (data not shown). When the (GTG) 5 primer was used, 11 to 16 bands were visible for each fingerprint, most of them located between 1,000 and 2,500 bp. With the BOXA1R primer, the fingerprints consisted of more than 25 bands, which made visual comparison between fingerprints very difficult (data not shown). Elevated annealing temperatures of 70°C did not generate any bands for the ERIC2 primer and generated five bands, all lower than 500 bp, for the BOXA1R primer (data not shown). Annealing temperatures of 57°C for ERIC2 and 65°C for BOXA1R resulted in fingerprints with 10 to 16 bands and 10 to 14 bands, respectively (data not shown).
According to Versalovic et al. (18) , the optimal number of bands for rep-PCR is 8 to 15. The upper limit of bands, however, depends on the resolution of the electrophoretic system; the higher the resolution, the more bands can be reliably separated and visualized. With a 1.5% agarose gel separation on 20-cm-long gels, as used in this study, the upper limit was judged to be around 20 distinct fragments. On the basis of the number and clarity of bands, their even distribution over the whole fingerprint, and discriminatory power, the ERIC primer set and the (GTG) 5 primer were chosen for use in subsequent experiments. The above data indicate that this primer and this primer set have the greatest potential to discriminate Salmonella strains belonging to different serotypes.
Reproducibility. All fingerprints obtained with the ERIC primer set had a band at 250 bp (Fig. 1) . This high-intensity band was excluded from the calculation of the Pearson correlation in this and subsequent experiments. The Pearson correlation takes the whole profile into account, so exclusion of dense bands often allows more meaningful clustering of groups (4, 7) .
Each of the five serotypes clustered together with a minimum similarity coefficient of 74% with the ERIC primer set (data not shown), 83% with the (GTG) 5 primer (data not shown), and 80% for the composite data set [ERIC plus (GTG) 5 ] (Fig. 1) . The low similarity coefficients were the result of the three different PCR runs. In Table 2 a quantitative assessment is made of the variability attributable to the PCRrun and to the preparation of the lysate in the clustering of the combined ERIC-and (GTG) 5 -PCR fingerprints. These results clearly indicate that the variability attributable to the PCR run a Indices were calculated based on the similarity matrix of the dendrogram of replicate combined ERIC-and (GTG) 5 -PCR fingerprints of five strains as shown in Fig. 1 . The means over the five strains of the different indices are shown.
b Measures variability attributable to three different PCR runs on the same lysate.
c Measures variability attributable to three different lysates in the same PCR run.
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FIG. 2. Cluster of the composite data set and ERIC and (GTG)
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one PCR run for the three different lysates was 94% for the (GTG) 5 primer, with the exception of six lysates (data not shown). These exceptions were due to overall weaker patterns, locally weaker bands, or normalization errors. For the composite data set, the minimum similarity coefficient for the three different lysates within one PCR run was 92.5%, except for two lysates: KS077, made on the first day and processed in the first PCR run, and MB1720, made on the third day and processed in the third PCR run (Fig. 1) . Based on these results, the delineation levels for serotype discrimination in subsequent experiments were set at 95% for the ERIC primer set, 94% for the (GTG) 5 primer, and 92.5% for the composite data set. Typeability and discriminatory power. Figure 2 shows the fingerprints of the 80 different serotypes and the five isolates which were not typeable by serotyping, obtained with the ERIC primer set and the (GTG) 5 primer, and the clustering of the composite data set. Six of the 85 fingerprints obtained with the ERIC primer set displayed no band at 250 bp. This band was excluded from the calculation of the Pearson correlation, as already mentioned. At a delineation level of 95% for the ERIC primer set, all serotypes generated unique fingerprints except for three pairs of two strains. Two strains (MB2563 and MB2564) which were not typeable by serotyping had a similarity coefficient of 98.8%. Serotype Typhimurium (MB2249) and serotype Typhimurium var. Copenhagen (VVG01/0922) had a similarity coefficient of 96.3%. Serotype Infantis (VVG02/0398) and strain MB2529, with antigenic formula 6,7: r:Ϫ, had a similarity of 95.6% (data not shown).
At a delineation level of 94% for the (GTG) 5 primer, all but nine strains had unique fingerprints. Strains MB2563 and MB2564, which were not typeable by serotyping, had a similarity coefficient of 99.2%. Serotype Enteritidis (MB1409), strain MB2562, which was not typeable by serotyping, and strain MB2551, with antigenic formula 9:Ϫ:Ϫ, had a similarity coefficient of 95%. Two other strains, one serotyped as serotype Paratyphi B (VVG02/0726) and strain KS128, which was not typeable by serotyping, had a similarity coeffient of 96.6%. Serotype Urbana (VVGN198) and serotype Sundsvall (VVGN485) had a similarity coefficient of 94.8%, although visually there was a difference of two bands (data not shown).
In the composite data set (Fig. 2) , two pairs of strains were not discriminated from each other at the delineation level of 92.5%. The two nontypeable strains MB2563 and MB2564 had a similarity coefficient of 98.9%, and serotype Paratyphi B (VVG02/0726) and isolate KS128, which was not typeable by serotyping, had a similarity coefficient of 92.9%.
Genetic diversity (stability). Figure 3 shows the fingerprints of the 55 isolates belonging to 10 serotypes obtained with the ERIC primer set and the (GTG) 5 primer, as well as the clustering of the composite data set. With the ERIC primer set, 24 different clusters and/or separate strains were distinguished with 95% as the delineation level (data not shown). All strains belonging to serotype Agona or Indiana clustered together within the serotype. Serotype Blockley was divided into two clusters and/or separate strains, and serotype Hadar was divided into three clusters and/or separate strains, although the profiles within one serotype were visually the same for both clusters. Serotypes Derby, Brandenburg, and Virchow each had one strain (MB1736, MB1724, and MB2396, respectively) with an ERIC fingerprint that differed in one band from the other strains of the respective cluster. Serotype Infantis strains were divided into three clusters. The difference consisted of bands of more or less intensity at 400 bp. The nine strains of serotype Typhimurium clustered into two groups. The difference consisted of a double or single band at 700 bp. The serotype Enteritidis strains were divided into six clusters. Strain MB2499, strain MB1535, and strain MB1221 had each a different fingerprint from the other 10 strains. The other 10 strains were grouped together in three clusters, and the differences consisted in bands of different intensity at 2,000 bp.
With the (GTG) 5 primer, 23 clusters and/or separate strains were distinguished when a delineation level of 94% was applied (data not shown). All strains belonging to serotypes Hadar, Virchow, and Indiana clustered together within the serotype. Each of the serotypes Infantis, Agona, Blockley, and Brandenburg had one strain (MB1146, MB1230, KS163, and KS181, respectively) with a (GTG) 5 fingerprint profile that differed in one to three bands from the other strains of the cluster. Serotype Derby was divided into three clusters: two strains (MB1531 and MB1739) each had a fingerprint that differed in one high-intensity band from the other three strains. The nine serotype Typhimurium strains were divided into four clusters. The strains differed in the presence or absence of a band at 1,200 or 600 bp. Strain MB2274 had a band of higher intensity than the other strains at 1,600 bp. Eleven of the 13 strains of serotype Enteritidis were clustered together with a similarity coefficient of 94.6%, whereas the other two strains, MB1535 and MB2499, each had a different fingerprint. Figure 3 shows the cluster of the composite data set of both primers and the fingerprints. With the delineation level of 92.5%, 21 different clusters and/or separate strains were distinguished. The strains belonging to serotypes Hadar, Indiana, Infantis, and Virchow clustered together within the serotype. The strains of serotypes Brandenburg, Typhimurium, and Agona were divided into two clusters. Serotypes Blockley and Derby were split up into three clusters, whereas serotype Enteritidis was divided into five clusters.
DISCUSSION
To our knowledge this is the first study that has compared five different rep-PCR primers with regard to the potential of discriminating Salmonella serotypes. It is also the first study of the ability of primer (GTG) 5 to discriminate Salmonella serotypes. The reproducibility experiment indicated that the PCR run is more important for reproducibility than the lysates made at different times. This means that it is recommended to draw conclusions only from isolates that were processed in the same PCR run. An alternative is to include in the new PCR run some isolates (e.g., one from each cluster) that were processed in a previous PCR run.
All isolates generated fingerprints, including the five isolates which were not typeable by serotyping. All but a few serotypes had unique fingerprints. Strains MB2563 and MB2564, which were not typeable by serotyping, had identical fingerprints with both primers, meaning that they are probably genetically identical strains. Serotype Paratyphi B and one strain that was not typeable by serotyping also had identical fingerprints with both primers, although the similarity coefficient was below the delineation level for the ERIC primer set. Serotype Enteritidis, a strain that was not typeable by serotyping, and a strain with antigenic formula 9:Ϫ:Ϫ had a similarity coefficient of 95% with the (GTG) 5 primer. This clearly shows that rep-PCR can reveal additional information when serotyping is not possible. Furthermore, it is possible that serotype Enteritidis and the strain with antigenic formula 9:Ϫ:Ϫ belong to the same serotype but that some somatic and flagellar factors of the latter were not expressed during serotyping. The same can be concluded for serotype Infantis and strain MB2529, with antigenic formula 6,7:r:Ϫ, which had identical fingerprints with the ERIC primer set. Serotype Typhimurium (O5 ϩ ) and serotype Typhimurium var. Copenhagen (O5 Ϫ ) produced the same fingerprint with the ERIC primer set. With the (GTG) 5 primer, a difference in one high-intensity band at 1,200 bp was observed among the serotype Typhimurium strains tested, which, however, did not correlate with the two varieties in this serotype.
The genetic diversity (stability) experiment further showed that not all isolates with the same serotype had the same fingerprint. However, the isolates with the same serotype still clustered together at a similarity coefficient of 85% or higher, except for two serotype Enteritidis strains. Strain MB2499 was isolated from a reptile, and strain MB1535 was isolated from a deer. Both were also atypical by other characterization methods such as randomly amplified polymorphic DNA and virulence typing (unpublished results). As mentioned by Torpdahl and Ahrens (16) , serotype Enteritidis is a polyphyletic serotype. Although strains in this serotype are not genetically related, they share some characteristics such as the somatic and flagellar factors.
The discriminatory powers of the ERIC primer set and the (GTG) 5 primer are similar, with 24 clusters (and/or separate strains) obtained by the former and 23 clusters (and/or separate strains) obtained by the latter for a collection of 55 strains belonging to 10 serotypes. Nevertheless, this experiment revealed that the ERIC primer set and the (GTG) 5 primer are complementary, since they did not discriminate the same strains within certain serotypes. This experiment clearly shows that one serotype does not always correspond to only one ERIC or (GTG) 5 fingerprint, but the fingerprint heterogeneity within a serotype seems to be limited to the absence or presence of mostly one and sometimes two bands for a primer or primer set or to differences in intensities of some bands. In a few restricted cases (e.g., MB1221 in ERIC-PCR of experiment 4 [ Fig. 3]) , an apparent fingerprint heterogeneity seemed to be due to normalization artifacts. Nevertheless, this experiment indicates that direct serotype identification by rep-PCR may be erroneous if only one reference fingerprint is included.
Other studies have also evaluated the Salmonella discriminating ability of rep-PCR. Most studies (3, 11, 17) tested only the ERIC primer set, with conflicting results. According to Van Lith and Aarts (17) , it is possible to use the ERIC1R-ERIC2 primer set to discriminate Salmonella serotypes. Their study was performed on 65 Salmonella isolates of 49 serotypes. They concluded that all serotypes produced unique fingerprints and that the isolates within one serotype had identical patterns. According to Burr et al. (3) , who tested the same primer set on 89 Salmonella isolates of 22 serotypes, the fingerprints obtained did not correlate with serotypes. Milleman et al. (11) also tested the ERIC primer set on 56 serotype Typhimurium and 14 serotype Enteritidis strains. They concluded that ERIC-PCR cannot be used to discriminate Salmonella serotypes, since all serotype Enteritidis isolates and some serotype Typhimurium isolates shared the same fingerprint. According to two other studies (13, 14) , elevated annealing temperatures improve the reproducibility and resolving power of rep-PCR with the ERIC2 and BOXA1R primers. In the first study only 12 strains of 12 serotypes and in the second study 70 isolates of 15 serotypes were evaluated. We obtained more bands with the ERIC primer set than were obtained in the studies mentioned above. This is probably the reason why some studies revealed that no serotype-dependent fingerprints were obtained while other studies showed the opposite. The PCR conditions are probably critical factors, which also helps explain why in our study no serotype-dependent fingerprints were obtained at elevated annealing temperatures as described by Johnson and Clabots (8) .
It can be concluded that in certain epidemiological studies, ERIC-PCR and/or (GTG) 5 can be used to limit the number of strains that have to be serotyped, although it is useful only with isolates analyzed in one PCR run. Only one isolate of each cluster has to be sent to the national reference laboratories for serotyping. The reproducibility of isolates in one PCR run, the discriminatory power, and the genetic diversity (stability) of the fingerprint are very similar for the Eric primer set and the (GTG) 5 primer, so both primers are equally able to discriminate Salmonella serotypes. These techniques also produce fingerprints for nontypeable strains, which can be molecularly serotyped on the basis of the relationship to known serotypes. Moreover, they are also able to reveal serotyping errors.
